The crystal structure of Sb-II has been determined using angle-dispersive x-ray diffraction of synchrotron radiation. The crystal structure comprises an interpenetrating assembly of a tetragonal host sublattice with symmetry I422 and a tetragonal guest sublattice of symmetry I422, which realize common a axes but different c axes. Weak extra peaks that are also reported in recent investigations performed independently are attributed to modulation waves of the atomic positions in both sublattices. A refinement using full profiles of powderdiffraction data was performed in the four-dimensional superspace group L Ϫ111 I422 :L Ϫ111 I422 . The structural investigation is accompanied by ab initio full-potential band-structure calculations confirming the experimentally determined modification sequence. Fitting equations of state to the results of these computations generates pressure-volume relations which are in excellent agreement with the experimental data. On the basis of total-energy calculations, an earlier proposed crystal structure of the tetragonal phase has to be reconsidered in the light of the composite arrangement in Sb-II.
I. INTRODUCTION
Pressure-induced structural changes of antimony are a topic of both experimental and theoretical interest for more than 60 years.
1-3 At low pressures, Sb is isotypic to the ambient pressure phases of arsenic as well as bismuth and realizes a rhombohedral crystal structure, so-called A7, which is commonly classified as a distortion of a cubic primitive atomic arrangement. At a pressure of 8.5͑5͒ GPa, antimony undergoes a reversible transformation into the high-pressure modification Sb-II. Further increase of pressure induces a transition into a cubic body-centered arrangement of antimony atoms at about 28 GPa. 4 The crystal structure of the high-pressure phase Sb-II is a long-standing matter of controversy and has been reported to be hexagonal, monoclinic, or tetragonal. [5] [6] [7] A tetragonal model ( Pϭ12 GPa, space group P4/n, aϭ796.5 pm, cϭ385.7 pm) has been refined using powder-diffraction data and resulted in a model with one type of Sb atom building up a three-dimensional framework and a second kind occupying the resulting channels. 8 A similar self-hosting assembly is assigned to the high-pressure phase of bismuth which is stable between 2.7 GPa and 7.7 GPa. 7, [9] [10] [11] A recent reinvestigation using a combination of x-ray single crystal and powder-diffraction methods evidences that the crystal structure of Bi is more complex, since the identity periods along the c axes of channel atoms and tetragonal framework are incommensurate with respect to each other. A similar organization is reported for Sb-II, but the proposed model does not account for several weak reflections observed in the experimental profiles. 12 Electronic structure calculations represent a powerful tool to complement experimental structure determinations. Bandstructure calculation techniques are helpful as a guide in determining the correct atomic arrangement by comparing energies for different lattice parameters, internal coordinates, and even different structure types. [13] [14] [15] [16] The dependence of physical properties on external or chemical pressure can be simulated reliably by modern full-potential calculations.
We report a full-profile refinement of the atomic arrangement of Sb-II using a four-dimensional superspace group description of the host-guest assembly, which additionally takes into account first-order modulation waves in both sublattices. The experimental results are accompanied by ab initio bandstructure calculations using two independent full-potential computational schemes to calculate the energy-volume curves for the different phases under discussion. Equations of state are fitted to the results and will be compared with the experimental data.
II. EXPERIMENT
Experiments were performed with antimony samples of 99.999% purity ͑ABCR Chemicals, Karlsruhe, Germany͒. Angle-dispersive x-ray powder-diffraction diagrams were measured at ID-9 of the ESRF using an image plate detector and monochromatic radiation with a wavelength of 41.733 pm. Polycrystalline samples were obtained by thorough grinding of antimony granules at ambient conditions. The particles were placed in a gasketed diamond anvil highpressure cell using a small sphere of ruby for pressure calibration and a 4:1 mixture of methanol and ethanol as a pressure transmitting medium. In order to improve the powder average, samples were oscillated by 3°during exposures of typically 20-s duration. The resulting two-dimensional powder-diffraction images were integrated azimuthally to yield one-dimensional intensity versus 2⌰ data. 17 Crystallographic calculations were performed with the program package WINCSD in (3ϩ1)-dimensional space mode.
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III. CALCULATION METHODS
To account for the difficulties and the possible inaccuracies related to the comparison of electronic structure results for crystal structures with different symmetries, we used two independent full-potential schemes which are based on the local-density approximation: A full-potential linear muffintin orbital ͑FPLMTO͒ method and a full-potential nonorthogonal local-orbital ͑FPLO͒ code. 19, 20 For exchange and correlation potentials, the Perdew-Wang parametrization was employed. 21 In the FPLMTO method, the basis functions, electron density, and potential were expanded in spherical harmonics with a cutoff l max ϭ6 inside the nonoverlapping spheres, and in Fourier series within the interstitial region. The highest core states, 4s, 4p, and 4d, were included in the basis set. Each of these semicore states was represented by two basis functions ͑double-kappa basis͒. The valence states were accounted for by a triple-kappa basis. Orthogonality between the semicore and the valence states was ensured by using two sets of energy parameters, one set for each group. The resulting basis formed a single, fully hybridizing basis set. For Brillouin-zone integrations, the special k-point method with a Gaussian broadening of width 2.5 mhartree was utilized. 22 In the FPLO code, Sb (4p,4d,5s,5p,5d) functions were chosen as the basis set. All lower-lying states were treated as core states. The inclusion of Sb (4p,4d) states in the valence set was necessary to account for non-negligible core-core overlaps due to the relatively large extension of the Sb (4p,4d) wave functions. The 5d states were taken into account to achieve a more complete basis set. The spatial extension of the basis orbitals, controlled by a confining potential (r/r 0 ) 4 , was optimized in order to minimize the total energy. 23 Brillouin-zone integrations were performed using the tetrahedron method. Convergence with respect to the basis set and the k mesh was carefully evaluated for all considered structure types.
IV. RESULTS AND DISCUSSION
A. Low-pressure phase and transition Sb-I to Sb-II The homogeneous intensity distributions within the rings of the x-ray-diffraction patterns indicate a good powder average in samples of the low-pressure phase. Diffraction diagrams of this modification revealed no extra peaks ͑see Fig.  1͒ thus evidencing pure single-phase rhombohedral antimony as starting material. The structural parameters at a pressure of 6.4 GPa as determined from refinements using full reflection profiles are in good agreement with earlier results from single-crystal data. 24 The hydrostatic compression is accompanied by a significant decrease of the ratio c/a and an increase of the positional parameter value z. In comparison to the coordination at ambient pressure, we find at 6.4 GPa that the longer Sb-Sb distances are shortened by almost Ϫ7% whereas the shorter bonds exhibit a change of only Ϫ1%.
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These changes are consistent with a significant reduction of the deviation of the rhombohedral A7 structure from a cubic primitive arrangement ͑see Ref. 26 for a detailed discussion͒.
Above 8.2͑3͒ GPa, additional reflections which gain intensity with increasing pressure indicate the onset of a structural phase transition ͑Fig. 1͒. In direction of ascending pressures, pure patterns of the high-pressure phase Sb-II are observed above 13͑1͒ GPa.
B. Structure solution and refinement of Sb-II
Analysis of the profiles reveals that several peak positions of the integrated pattern measured at Pϭ12 GPa cannot be indexed on the basis of the tetragonal unit cell described earlier. 9, 10 Attempts to gain a conventional three-dimensional indexing solution of the diffraction pattern using automatic procedures fail. By application of the four-index procedure for composite structures, a solution is obtained ͑see inset of Fig. 2͒ which comprises two tetragonal lattices with a common parameter a and different c axes. A least-squares refinement using 57 reflections (hklm) results in aϭ805.53 (4) pm, c h ϭ389.91(2) pm, c g ϭ297.33(4) pm. The common lattice parameter of both substructures is labeled a, the c axis of the ''host'' sublattice formed by antimony atoms Sb h is termed c h , and c g corresponds to the c axis of the ''guest'' lattice of Sb g . The values of the lattice parameters are consistent with the findings obtained for the Sb-II structure using the pseudo-two-phase technique. 12 Systematic extinctions are compatible with two bodycentered sublattices. For the host, additional pseudoextinction conditions of reflections (0kl0): kϭ2n and lϭ2n are possible. However, overlap with reflections of the general type (hklm) does not allow a definite determination of the systematic absences and three superspace groups remain possible. 27 Besides the main reflections (hkl0) and (hk0m), the diffraction pattern contains weak first-order satellite reflections (hklm) fulfilling the extinction condition hϩkϩl ϩmϭ2nϩ1 with mϭϮ1, and revealing a pronounced role of modulations in the crystal structure. Some weak reflections cannot be indexed as main reflections or first-order satellites. The intensities of these peaks vary at different pressures, thus disabling a definite assignment. The most FIG. 1. Integrated x-ray-diffraction profiles of Sb-I ͑7.7 GPa͒, phase mixtures of low-and high-pressure modifications in the pressure range of the structural phase transition, and Sb-II ͑14 GPa͒. The arrow marks the reflection in the pattern measured at Pϭ12 GPa, which is attributed to the strongest reflection of the low-pressure phase.
prominent extra reflection in the pattern at 2⌰Ϸ8.15°͑see Figs. 1 and 2͒ can be unequivocally attributed to a small amount of residual low-pressure phase. In accordance with this attribution the peak has not been observed in pure Sb-II samples at higher pressure ͑see Fig. 1͒ and is also absent in an investigation performed independently. 12 The substructure of the host atoms Sb h was determined from the Patterson function calculated with the intensities of the (hkl0) reflections. The maxima are in accordance with the occupation of position 8h in space group I4/mcm, position 8 j in I422, or 8c in I4cm. The substructure of the guest atoms Sb g was established in the same way using reflections hk0m and is in accordance with the twofold origin position in the three space groups I4/mmm, I422, and I4cm. In the three possible superspace groups, crystal structure refinements were performed using the full-profile method. In two of the three groups under consideration, first-order modulation waves of the Sb g positions are not allowed. Thus, a complete modeling of the diffraction pattern including main reflections plus positions of the satellite reflections is performed in the superspace group L Ϫ111 I422 :L Ϫ111 I422 . 28 In order to calculate the intensities of the satellite reflections, the modulation functions for the Sb h and Sb g positions are created using a generator of the symmetry-allowed Fourier series ͑see Table I͒. 18 The structure refinement is performed in two steps. First, the average structure with the atomic parameter x h av for the Sb h position is refined. In a second step, the intensities of the satellite reflections are taken into account in order to optimize the parameters of the modulation functions. The refinement ͑Fig. 2͒ converges at R Br ϭ0.088 and R Pr ϭ0.121. The refined coordinate x h av ϭ0.15776(3) of the Sb h atoms corresponds well to the value of 0.1536͑3͒ obtained for the host species in the structurally closely related modification Bi-III at 6.8 GPa.
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C. Atomic arrangement and modulation
The most intriguing feature of the Sb-II crystal structure are condensed square antiprismatic columns of Sb h atoms forming a three-dimensional framework. This arrangement of host atoms Sb h can be subdivided into sets of plane nets ͑labeled 3 2 434 in Pearson notation, see Ref.
12 for details͒ oriented perpendicular to the c axis. However, the shortest interatomic distance in the crystal structure of Sb-II interconnects these nets to a network linked in three dimensions. Figure 3 visualizes the crystal structure of Sb-II in two different projections. The selected representation emphasizes that the structural pattern of the host and guest atoms is commensurate in the ͑001͒ plane, while the arrangement of atoms within the channels and the resulting misfit causes incommensuration along the c axes ͑directions ͓0010͔ and ͓0001͔͒. The same characteristic atomic arrangement as that of the host atoms in Sb-II is observed in intermetallic phases of the CuAl 2 type. 29, 30 The capability of this structure type to adapt to different electron counts by adjustment of c/a and/or the free positional parameter x is reflected by the large variety of element combinations realizing this structural pattern. [31] [32] [33] In Sb-II, the Sb h sublattice corresponds to the FIG. 2. Integrated x-ray-diffraction profile of Sb-II measured at Pϭ12 GPa and the difference between observed and calculated intensities. The inset shows the region of the pattern exhibiting the most intense reflections (hklm) attributed to the modulation of atomic positions in both substructures ͑marked by asterisks͒. A single intense reflection which is tagged by an arrow is not accounted for by the host-guest structure and is attributed to be the strongest line of a residual amount of low-pressure phase Sb-I. configuration of aluminum atoms in the crystal structure of CuAl 2 with a surprising similarity of the positional parameter of Al (xϭ0.1581) to x h av of Sb h . 29, 30 The resulting tubular assemblies of this substructure are occupied by a bodycentered arrangement of guest atoms Sb g . However, the copper atoms in CuAl 2 occupy all tetragonal antiprismatic voids whereas the Sb g sublattice contains only slightly more than half the number of atoms corresponding to (Sb g ) 1Ϫx (Sb h ) 2 with xϷ0. 33 . The finding of isotypic partial structures of CuAl 2 and antimony at high pressures confirms the importance of structural motifs of intermetallic compounds for high-density modifications of elements. The analoguous atomic organization of an intermetallic compound and the structural pattern of Sb-II indicates a pressureinduced dissimilarity of chemically identical, but structurally different atoms, which is also observed in several lowsymmetry modifications of elemental metals. 34 -36 The modulation of the Sb h atoms facilitates a continuous adjustment of interatomic distances as a function of the common fourth coordinate x4. For the interactions among the host and guest atoms, d4 and d5, the modulated displacement of antimony atoms induces an additional reduction in the regime of short interatomic contacts and an elongation at long distances. The distances d3 located within tetrahedral chains connecting the antiprisms which play a decisive role in CuAl 2 -type structures are significantly longer than strongly bonding contacts and, thus, are not supposed to represent robust covalent interactions of atoms Sb h . The interatomic spacing between neighboring guests within the same channel falls into the range of the majority of minimal interatomic antimony distances. This finding is taken as an indication of a pronounced influence of intrachannel interactions between antimony atoms on the lattice parameter c g .
Every atom Sb g has two neighbors in the channel with a distance Ϸ297 pm. Two extreme situations mark the coordination range of Sb g : The lower limit of CN 6 is realized when the guest species is coordinated by four host atoms in the center of a square (x4ϭϮ0.5), the upper limit of CN 10 corresponds to a location of Sb g in the center of the square antiprisms of Sb h (x4ϭ0) as is found for the ideal Cu position in the CuAl 2 structure. Thus, the coordination polyhedra of Sb g are formed by two channel atoms Sb g plus 4(ϩ4) atoms Sb h ͑distances d4 and d5 in Fig. 3 and Fig. 4͒ . The host atoms Sb h have CN 8 and are coordinated by six framework atoms ͑distances d1 and d2) plus two channel atoms Sb g (d4 and d5) . The pressure-induced changes of the ratios c h /a and c g /a are small thus indicating that the compressibility is nearly isotropic, which evidences that the threedimensionally connected host structure dominates the compression properties. Within the stability region of the modification Sb-II, the axial ratio c h /c g changes by less than 0.4% and does not achieve the next higher rational value 4/3 that would result in a commensurate structure with the smallest possible common lattice parameter c of the guest and host lattices. However, we will use this commensurate approximant of the modulated composite which reproduces the basic features of the atomic organization adequately as a model structure for the total-energy calculations. 
D. The total-energy calculations
The crystal structures being considered as models in the total-energy calculations are restricted to the experimentally evidenced modifications of antimony or varieties thereof: ͑i͒ the rhombohedral structure (A7), ͑ii͒ simple cubic ͑SC; cubic primitive͒, ͑iii͒ an approximant of the incommensurate composite ͑tetragonal approximant, TA͒ suggested in this work, tetragonal with P4/mcc symmetry, ͑iv͒ body-centered cubic ͑BCC͒, ͑v͒ the tetragonal arrangement ͑tetragonal primitive, TP͒ with P4/n symmetry proposed earlier. 8 The A7 structure is the stable phase at ambient pressures ͑up to about 8.5 GPa͒. The simple cubic structure can be viewed as a special case of the A7 structure, and it was observed for the lighter group V B elements ͑P and As͒ as the modification neighbored to A7 at higher pressures. The BCC arrangement is the stable phase of Sb at pressures above 28 GPa. The fundamental problem that we want to address here is the structure of antimony between the A7 and the BCC modifications.
The results of the total-energy calculations are summarized in Fig. 5 . The results concerning energy and volume are normalized by the number of atoms in the unit cell in order to facilitate a straightforward comparison of the investigated structure types. The zero energy is chosen as the energy minimum of the idealized composite ͑TA͒ with P4/mcc symmetry approximating the incommensurately modulated structure proposal. The results for the two independent calculation schemes agree almost perfectly, as it is evidenced by the values for the equlibrium volumes and the corresponding energies as listed in Table II . The calculated equilibrium volumes agree within less than 1% for all investigated structure types. The corresponding total-energy differences ͑referred to the TA structure͒ agree up to several hundredth mhartree except for the A7 structure where we find a slight offset of both curves, probably due to numerical differences caused by the different handling of crystal symmetries in both methods. The excellent agreement of two independent methods is taken as a strong evidence for the reliability of the calculational results.
In order to reduce the required computing time, the c/a ratios of the tetragonal structures are fixed to the experimental values. For the A7 type, we optimized the c/a ratio for the equlibrium volume and kept the value fixed in the subsequent calculations, since its influence on the total energies is negligible. In contrast, the total energy is significantly affected by changes of the positional parameter. Thus, the internal coordinate z of the A7 structure is optimized at each calculated point. 37 As can be seen from Fig. 5 the sequence of phase transitions predicted by the calculations is in perfect agreement with the experimental findings. At pressures up to about 8.7 GPa the A7 structure is stable. As shown in the inset of Fig. 5 , the SC structure lies higher in energy at low pressures. The energy differences between A7 and the SC structure decrease with increasing pressure and become exceedingly small near the phase-transition region. In accordance with experimental results, the total-energy calculations evidence that a different crystal structure emerges before the SC arrangement becomes more stable than A7. For volumes less than about 22ϫ10 6 pm 3 ͑corresponding to about 75% of the theoretical equilibrium volume of 29.710 6 pm 3 ) the BCC structure has the lowest energy, in complete accordance with the results of previous experiments. In the region between these phases, the approximant ͑TA͒ is found to be almost 3 mhartree per atom lower in energy than the crystal structure suggested earlier. 8 Consequently, the total-energy calculations definitely rule out the TP structure as a possible Sb-II modification. In order to provide a quantitative measure between experimental and theoretical findings, we show the experimental data in comparison to the theoretical pressurevolume curve ͑Fig. 6͒. 
E. Summary
The proposed structural model for the high-pressure phase Sb-II allows an integrated description of both main and satellite reflections in an x-ray powder-diffraction pattern of an incommensurately modulated atomic assembly of a main group element. The structure changes in antimony at highpressures were modelled by quantum-mechanical calculations ͑FPLMTO and FPLO͒. We obtain excellent agreement between the calculated and experimentally determined sequence of structural phase transitions and pressure-volume relations. Moreover, on the basis of the calculated total energies we can discard an earlier proposed crystal structure in favor of an approximant developed on the basis of the fourdimensional model. The present investigation of Sb-II evidences that the interaction between the two incommensurate atomic arrangements in one crystal structure induces modulated atomic displacements of atoms in both sublattices and leads to a surprisingly complex structural organization of atoms in a chemical element. The structural similarity to the host-guest structures of the high-pressure modifications of bismuth, barium, and strontium indicates the importance of incommensuration and modulation for element structures. We expect that high accuracy experimental techniques for structure solution and refinement, even from x-ray powderdiffraction data, in combination with sophisticated theoretical methods will shed new light on the phase diagrams of chemical elements.
Note added. During the editorial process of our manuscript we became aware of an independently performed theoretical investigation published in December 2002. 38 In this work high-pressure structures of As, Sb, and Bi were studied by a first-principles pseudopotential method. However, a different model approximates the Sb-II phase and the earlier proposed atomic arrangement is not considered.
